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ABSTRACT 

This  report  discusses  an  experimental  investigation  of  two  problems 
of  diffuser  flow  ^ich  are  encountered  in  a  gas-driven  Jet  puiQ).  Uie 
first  was  concerned  with  determining  the  feasibility  of  diffusing  a 
free  Jet  of  liquid,  as  contrasted  with  a  stream  of  liquid  flowing  into 
a  diffuser  under  "connected-pipe"  conditions.  Ibe  second  problem  was 
concerned  with  determining  the  effect  of  entrained  gas  in  the  flowing 
liquid  upon  the  diffusion  process.  In  all  c'  the  experiments,  conical 
diffusers  were  employed  with  water  and  air  as  the  working  fluids. 

In  the  free -Jet  experiments  a  nozzle  was  employed  for  furnishing 
a  free  Jet  of  water  vhich  was  directed  into  a  specially  designed  inlet 
to  a  diffuser.  Determinations  were  made  of  (1)  the  fraction  of  the 
Jet  which  actually  flowed  into  and  through  the  diffuser,  and  (2)  the 
fraction  of  the  original  kinetic  energy  of  the  captured  Jet  that  was 
converted  into  static  pressure  rise.  Ihe  variables  in  these  ei^rl- 
ments  were  the  liquid  flow  rate,  the  distance  between  the  nozzle  and 
the  diffuser  inlet,  the  ratio  of  the  diameter  of  the  Jet  to  the  diameter 
of  the  diffuser  inlet,  the  configuration  of  the  diffuser  inlet,  and  the 
diffuser  back  pressure. 

It  was  found  that  up  to  86.^  per  cent  of  the  kinetic  energy  of  the 
free  Jet  could  be  recovered  by  employing  the  proper  type  and  size  of 
diffuser  inlet,  with  the  appropriate  back  pressure.  The  experiments 
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indicated  that  the  flow  rate  wd  the  distance  from  the  nozzle  exit  to 
the  diffuser  inlet  had  little  effect  on  the  energy  recovery. 

Ihe  gas  entrainment  experiments  were  conducted  in  a  "connected- 
pipe"  system  with  a  two-phase  mixture  of  air  and  water;  the  velocity  of 
the  two-phase  mixture  entering  the  diffuser  was  maintained  constemt. 
Determinations  were  made  of  the  effect  of  (l)  varying  the  amount  of  gas 
entrained  in  the  liquid,  and  (2)  varying  the  static  pressure  at  the 
diffuser  inlet,  upon  the  diffuser  pressure  recovery. 

n>e  experiments  indicated  that  when  a  gas  is  entrained  in  a 
liquid  being  diffused,  the  pressure  recovery  of  the  diffuser  is  reduced, 
the  amount  of  reduction  depending  on  the  volume  of  entrained  air  and 
the  static  pressure  at  the  throat  of  the  diffuser.  A  theoretical 
analysis  indicates  that  the  reduction  in  pressure  recovery  due  to  gas 
entraizBuent  should  becaae  smaller  as  the  entrance  velocity  to  the  dif¬ 
fuser  is  increaised.  The  experiments  indicated,  however,  the  possibility 
that  coflqnressibility  effects  may  seriously  reduce  the  pressure  recovery 
for  hi(^  velocity,  two-phue  flow  in  a  dlffviser. 


1  INTRODUCTION 


Ihe  ability  of  the  diffuser  In  a  gas-driven  Jet  pump  to  capture 
and  diffuse  efficiently  the  high  velocity  stream  of  liquid  directed 
toward  it  is  of  great  importance  to  the  overall  momentum  recovery  of 
the  pump.  !Qte  momentum- recovery  factor  K  of  a  gas -driven  Jet  pui^p, 
as  defined  by  Elliott  (3)>*  is  equal  to 

K  =  Kj^KgK^K^  ^/i^  (1-1) 

where  »  the  velocity-recovery  factor  of  the  drive  nozzle; 

•  the  momentum-recovery  factor  of  the  mixer; 

>  the  mass-recovery  factor  of  the  separator; 

Kj^  s  the  velocity-recovery  factor  of  the  separator;  axtd 
s  the  efficiency  of  the  diffuser. 

Equation  1-1  shows  that  the  momentum-recovery  factor  K  is  proportional 
to  which  is  the  portion  of  the  flowing  liquid  that  actually  enters 
the  diffuser,  and  increases  with  the  square  root  of  which  is  the 
portion  of  the  dynamic  pressure  of  the  liquid  entering  the  diffuser 
that  is  converted  into  static  pressxire. 

Certain  problems  are  encountered  in  diffusing  a  Jet  of  liquid 
in  the  diffuser  of  a  Jet  pvmp  that  do  not  exist  in  conventional 

*  Numbers  in  parentheses  refer  to  references  appearing  at  the  end  of 

the  roi'ort. 
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diffuser  applications;  that  is,  "connected-pipe"  diffusion  processes. 
Tvo  problems  peculiar  to  the  diffusion  process  in  a  gas-driven  Jet 
pump  are  discussed  herein. 

One  problem  arises  from  the  feict  that  the  liquid  to  be  diffused 
enters  the  diffuser  as  either  a  free  Jet  or  a  film,  depending  on  the 
type  of  Jet  pump  configuration  employed.  In  most  reported  applications 
of  diffusers,  on  the  other  hand,  the  fluid  enters  the  diffuser  through 
a  duct  connected  to  the  diffuser;  that  is,  under  'connected-pipe" 
conditions.  Figure  1  illustrates  schematically  the  flow  of  a  liquid 
through  a  conical  diffuser  with  (a)  free-Jet,  and  (b)  connected-pipe 
entrance  conditions. 

Consequently,  one  phase  of  the  investigation  was  concerned  with 
the  flow  of  a  free  Jet  of  a  liquid  into  and  throu^  a  conical  diffuser. 
Studies  were  made  of  the  effect  of  the  ratio  of  the  diameter  of  the 
Jet  to  the  diameter  of  the  inlet  of  the  diffuser,  and  the  effect  of 
the  shape  of  the  diffuser  inlet. 

If  the  separation  of  the  drive  gas  from  the  liquid  in  the  separa¬ 
tor  of  a  Jet  pump  is  imperfect,  a  two-phsise  mixture  of  gas  and  liquid 
enters  the  diffuser  (3).  It  was  found  that  the  amount  of  gas 
entrained  in  the  liquid  affects  the  pressure  recovery  characteristics 
of  the  diffuser.  Accordingly,  a  study  was  made  of  the  effect  of  gas 
entrainment  upon  the  performance  of  a  conical  diffuser.  In  that 
connection  the  effects  of  the  static  pressure  at  the  diffuser  inlet 
and  the  amount  of  entrained  gas  upon  the  diffuser  pressure  recovery 
were  Investigated. 
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Dn  »  EXIT  DIAMETER  OF  NOZZLE 

DgT»  DIAMETER  OF  FREE  JET  AT  DISTANCE  Ljh 

Dth- diameter  of  throat  of  diffuser 


(a)  FREE-JET  ENTRANCE 


(b)  CONNECTED- PIPE  ENTRANCE 


Pig.  1  CoDdltions  of  Bitranee  for  the  Flow 

of  a  Liquid  Through  a  C(»leal  Diffuser 
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inie  ejqwriments  vere  performed  using  water  and  air  6us  the  working 
fluids,  with  diffuser  Inlet  velocities  raxiglng  from  70  to  220  fps.  A 
conical  diffuser  with  an  inlet  diameter  of  O.^iOO  in.,  an  exit  diameter 
of  1.200  in.,  euad  a  total  angle  of  divergence  of  discharging  into 
a  plenum  chamber,  was  employed  in  all  of  the  experiments. 
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2  REVIEW  OF  THE  LITERATURE 

A  study  of  the  literature  pertinent  to  diffusers  revealed  no 
references  ^ich  were  directly  applicable  to  the  two  specific  diffu¬ 
sion  probl<^s  mentioned  in  the  Introduction.  Considerable  experimen¬ 
tal  and  analytical  \rork  has  been  rex>orted^  however,  concerning  flow  of 
liquids  through  diffusers,  and  e^so  the  flow  of  two-phase  fluids. 

Gibson's  investigations  of  the  flow  of  water  through  diverging 
pcMsages  (U)  constitutes  the  first  significant  work  performed  on 
diffusion  flow.  He  found  that  the  optimum  pressure  recovery  for  a 
conical  diffuser  occurred  vdien  the  total  angle  of  divergence  of  the 
diffuser  was  6°.  In  his  experiments  the  effect  of  the  entrance 
velocity  was  negligible  over  a  range  of  values  from  1. 83  to  21  fps. 

The  inlet  diameters  of  the  diffusers  eaplogFad  were  from  0,$  to  2  int 

A  recent  paper  by  Kline,  Abbott,  and  Fox  (6)  correlates  the 
findings  of  previous  investigators  of  diffusers  so  that  the  flow 
regime  to  be  expected  for  a  given  geometry  can  be  predicted.  These 
correlations  include  both  the  flow  of  liquids  and  gases.  It  is  also 
possible,  for  a  diffuser  of  given  length,  to  predict  the  angle  of 
divergence  giving  the  optimum  pressure  recovery.  Ihe  actual  values 
for  the  pressure  recoveries  obtainable  with  various  geometries  cannot, 
however,  be  predicted  accurately,  because  of  the  large  number  of 


variables  involved. 
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The  range  of  Reynolds '  numbers  in  the  experiments  reported  herein 
falls  within  that  of  the  experiments  reported  in  Reference  6. 

Robertson  and  Ross  (lO)  and  Peters  (9)  discuss  the  effect  of  the 
entrance  conditions  upon  diffuser  performance;  their  \rork  primarily 
concerns  the  effect  of  boundary  layer  development  on  pressure  recovery. 
Robertson  and  Ross  used  water  as  a  working  fluid,  whereas  Peters 
worked  with  air.  They  both  found  that  when  a  boundary  layer  existed 
at  the  entrance  to  a  diffuser,  the  pressure  recovery  of  the  diffuser 
was  reduced;  and  the  thicker  the  boundary  layer,  the  larger  was  the 
reduction  in  pressure  recovery.  According  to  Robertson  and  Ross  the 
effect  of  the  entering  boundary  layer  upon  the  pressure  recovery  was 
of  the  same  order  as  the  effect  of  the  angle  of  divergence  of  the 
diffuser. 

Chenowetb  and  Martin  (l)  present  a  method  for  calculating  the 
pressvure  drop  of  gas -liquid  mixtures  in  horlsantail  pipes. 
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3  EXPERIMENTAL  RESULTS 

All  experiments  described  herein  were  performed  using  water  and 
air  as  the  working  fluids. 

Figure  2  presents  a  drawing  of  the  basic  diffuser  appsuratus 
eiig)loyed  in  the  experiments.  A  conical  diffuser  was  employed,  with  an 
inlet,  or  throat,  diameter  of  0.^400  in.,  and  am  exit  diameter  of 
1.200  in.,  giving  an  axes,  ratio  of  9  to  1.  The  total  angle  of  diver¬ 
gence  was  ,  \rtilch  is  the  angle  for  the  maximum  pressure  recovery  (6). 
The  diverging,  or  diffusing,  section  was  6.^4  in.  long;  it  was  pre¬ 
ceded  hy  a  rounded,  converging  nozzle  to  furnish  an  approximately 
uniform  velocity  distribution  at  the  inlet  to  the  diffuser. 

Ihe  diffuser  discharged  into  a  6  in.  diameter  plenum  chamber 
which  was  12  in.  long;  the  reduction  in  the  velocity  of  the  fluid  was 
such  that  its  kinetic  energy  was  negligible.  Ibe  back  pressure  cn  the 
diffuser  was  varied  by  adjusting  the  opening  of  a  valve  downstream 
from  the  plenum  chamber. 

In  the  course  of  the  several  investigations,  the  eif ore-mentioned 
basic  apparatus  was  modified  as  will  be  noted.  A  detailed  description 
of  the  entire  apparatus  is  presented  in  Reference  11. 

3-1  Description  of  the  Fkee-Jet  Experiments 

The  experimental  results  presented  in  Sections  3-2  and  3-3 


PLENUM  CHAMBER 
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based  on  the  esqperiments  conducted  vlth  diffusers  operating  under 
free* Jet  eotrsnce  conditions  (see  Figure  l).  For  convenience  of 
discussion  the  free- Jet  experiments  vlU  be  segregated  into  Series  1 
snd  Series  II. 

3-1.1  Free -Jet  Experiments  -  Series  I.  The  Series  I  ejqperiments 
sere  of  sn  e]q;>loratory  nature;  the  objective  being  the  detexnination 
of  the  paraswters  having  the  greatest  effect  on  the  overall  energy 
recovery  characteristics  of  a  diffuser  operating  under  free-Jet 
entrance  conditions.  Ihe  e]q>erl]Bental  program  vas  conducted  in  tvo 
parts,  denoted  as  Series  I-a  and  Series  I-b.  Ibe  Series  I  eiqperlaents 
are  discussed  in  Section  3-2. 

3-1*2  Ffee-Jet  Experiments  -  Series  II.  These  free-Jet  ea^eri- 
ments  iwre  a  refinement  of  the  method  of  e3q>erlmentation  that  appeared 
most  promising  according  to  the  ejqperience  obtained  in  eondueting  the 
Series  I  ei^erlaents.  In  the  Series  II  ejqperlaents,  the  variables 
ehich  had  little  effect  on  the  energy  recovery  of  the  diffuser  in  the 
Series  I  eiqperlaents  vere  held  constant.  Thus  the  effects  of  the 
pertinent  variables  were  isolated,  and  then  investigated  individually. 
The  Series  II  experiments  are  discussed  in  Section  3-3* 

3-1*3  Apparatus  for  the  Free-Jet  gxperlments.  Two  additional 
pieces  of  apparatus  vere  required  for  conducting  the  free-Jet  e^qperl- 
ments;  (l)  a  nozzle  for  supplying  the  free  Jet  of  liquid,  and  (2)  an 
appropriate  inlet  to  the  diffuser. 

Brief  descriptions  of  the  nozzles  and  inlets  eiiq>loyed  in  the 
free-Jet  experiments  are  presented  in  Sections  3*2  and  3-3*  A 
detailed  description  of  the  apparatus  is  presented  in  Reference  i'll. 
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3-1.4  Variables  Investigated  In  the  Free- Jet  ExperlnentB .  In 
the  experiments,  the  influences  of  the  following  variables  were 
determined : 

a.  Ihe  mass  rate  of  flow  of  liquid  through  the  nozzle, 
denoted  by 
sec.) 

b.  The  distance  between  the  exit  plane  of  the  nozzle  and 
the  Inlet  plane  of  the  diffuser,  denoted  by  L  and  termed 
the  nozzle-diffuser  distance.  (L  was  varied  from 

L  =  1/8  to  2  In.) 

c.  The  ratio  Q  =  ^ST  dlmwter  of 

the  free  Jet  measured  at  the  plane  of  the  throat  of  the 
diffuser,  and  0^  denotes  the  diameter  of  the  throat  of 
the  diffuser  (see  Figure  l) .  (9  was  varied  from 

9  *  0.72  to  1.41.) 

d.  The  back  pressure  acting  on  the  diffuser  exit  section, 
denoted  by  Pp^. 

3-1*5  Performance  Criteria  for  the  Free-Jet  Dlffuaers.  !Die 
overall  performance  of  a  free- Jet  diffuser  depends  upon  the  following 
three  performance  criteria: 

a.  The  capture  efficiency  Is  defined  by 

where  Is  the  liquid  flow  rate  captured  by  the 
diffuser,  and  Is  the  liquid  flow  rate  leaving  the 


(Mj^  was  varied  from  =»  4  to  12  Ib^^  per 


nozzle 
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b.  The  pressure  recovery  factor  Kp  is  defined  by 

^rtiere  is  the  back  pressure  acting  on  the  diffuser^ 
and  Pjj^  is  the  mean  dynamic  pressure  of  the  free  Jet. 
Pjjyjj  is  defined  by 


where  A  is  the  cross-sectional  area  of  the  Jet  at  any 
given  plane  perpendicular  to  the  axis  of  the  Jet,  and 


c. 


is  the  dynamic  pressure  at  an"  point  in  that  plane 


(3-4) 

(In 


the  Series  I  experiments  P^^^  was  computed  on  the  basis 
that  the  flow  at  the  exit  of  the  nozzle  was  substantially 
one-dimensional . ) 

The  overtill  efficiency  Kq  Is  defined  by 


(3-5) 


3-2  Series  I  Free-Jet  Experiments 

The  object  of  these  preliminary  experiments  with  free-Jet  dif¬ 
fusers  was  to  determine  the  influences  of  the  parameters  listed  in 
Sub-section  3-1*4  on  the  performance  of  free-Jet  diffusers,  for  con¬ 
venience  of  discussion  the  Series  I  free-Jet  experiments  are  divided 
into  two  different  series  of  experiments,  denoted  as  Series  I-a  and 


Series  I-b 
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3-2.1  Series  I-a  Free- Jet  Experiments.  In  these  e^qperiaents 

both  the  mass  rate  of  flow  and  the  distance  L,  the  distance  betveen 

the  exit  plane  of  the  nozzle  and  the  Inlet  plane  of  the  diffuser  (see 

Figure  l)  were  veuried.  5he  flow  rates  Investigated  were  =  4,  6,  8, 

10,  and  12  lb  per  sec,  and  the  nozzle-inlet  distances  studied  were 
in 

L  =  l/8,  1/2,  1,  1  1/2,  and  2  in.  Both  a  converging-diverging  inlet 
having  a  0.400  in.  throat  dlaaeter,  denoted  as  Inlet  A,  and  a  diverging 
inlet  having  a  O.600  in.  throat  diameter,  denoted  as  Inlet  B,  were 
en^loyed  in  conjunction  with  three  nozzles,  designated  sis  Nozzle  A, 
Nozzle  B,  and  Nozzle  C;  the  exit  diameters  of  these  nozzles  were 
0.374,  0.4o6,  and  0.438  in.,  respectively  (see  Table  l). 

Table  1 

Nozzles  and  Diffuser  Inlets  Snployed 
in  the  Series  I  Free-Jet  Eiqperlments 


A 

■iiaaa  v  j  ass  e 

0.374 

B 

0.1)06 

C 

0.438 

Inlet 

Type 

Throat  Diaaeter.  in. 

A 

Converging-Diverging 

0.400 

B 

Diverging 

0.600 

Mbreoce  11  presents  a  detailed  description  of  the  apparatus  enqployed 
in  the  Series  I  experiments. 
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All  of  the  afore -mentioned  experiments  were  conducted  with  the 
discharge  valve  dovnstream  from  the  diffuser  held  \rLde  open.  As  a 
result  of  that  type  of  operation  the  flow  conditions  for  a  given  run 
determined  the  value  of  the  back  pressure.  During  an  experiment  the 
measured  variables  were  the  liquid  flow  rate  the  flow  capture  rate 
and  the  back  pressure  (in  the  plenum  chamber)  in  pslg. 

The  perfonuEuice  coefficients  calculated  fraa  the  measurements 
were  the  capture  efficiency  the  pressure  recovery  factor  Kp,  and 

the  overall  efficiency  these  coefficients  are  defined  by 
equations  3-1^  3-2,  and  3-5,  respectively. 

Attempts  to  correlate  the  data  obtained  fron  the  Series  I-a 
experiments  on  the  basis  of  either  the  ratio  of  the  nozzle  exit 
diameter  to  the  inlet  throat  diameter,  the  mass  rate  of  flow  or 
the  mean  velocity  of  the  Jet  V,  were  unsuccessful.  In  general,  the 
results  indicated  that  the  smaller  the  Jet  diameter,  the  smaller  was 
the  pressure  recovery  factor  Kp  and  the  larger  was  the  capture  effi¬ 
ciency  la  most  cases  or  V  had  little  influence  on  the 

magnitudes  of  and  Kp.  Furthermore,  in  most  of  the  ejQmriments 
the  nozzle-diffuser  distance  L  appeeured  to  have  a  negligible  effect  on 
the  performance  coefficients;  there  were  a  few  ceises,  however,  idiere  L 
had  a  considerable  influence  upon  them. 

3-2.2  Series  I-b  Free- Jet  Experiments.  These  experiments  were 
conducted  with  Nozzles  A,  B,  euad  C  and  Inlets  A  and  B.  Eetch  nozzle 
was  investigated  with  the  two  inlets.  In  all  of  the  experiments  the 
nozzle-diffuser  distance  was  maintained  constant  at  L  =  l/2  in.,  and 
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the  mass  flow  rate  was  held  constant  at  3  6  Ib^  per  sec.  (Ihe  var¬ 
iable  was  the  back  pressure  P--. 

Since  was  constant,  the  dynamic  pressure  also  a  con¬ 

stant,  and  it  follows  from  the  definition  of  the  pressure  recovery 
factor  Kjj,  that 

*S>  =  ^PC  /  ^  *  Ppc  <3-6) 


Hence,  it  is  apparent  that  by  varying  Pp^  the  pressure  recovery  factor 
Kp  was  varied. 

From  the  measurements  the  capture  efficiency  '^4e  pressure 

recovery  factor  Kp,  and  the  overall  efficiency  vrere  readily 
determined. 

Figure  3  presents  the  overall  efficiency  Kq  eis  a  function  of  the 
pressure  recovery  factor  Kp  for  Nozzles  A,  B,  and  C  employed  in  con¬ 
junction  with  Inlet  A.  Figure  4  presents  similar  curves  for 
Nozzles  A,  B,  and  C  with  Inlet  B.  It  is  appcurent  from  referring  to 
Figures  3  end  4  that  for  each  combination  of  nozzle  and  diffuser 
inlet,  there  is  a  value  of  the  pressure  recovery  feictor  at  which 
the  overall  efficiency  attains  its  maximum  value.  Ihe  values  of  Kp 
and  Kq  corresponding  to  that  maximum  depend  upon  the  nozzle  and 
diffuser  inlet  combination. 

3-3  Series  II  Free-Jet  Experiments 

Ihese  experiments  were  conducted  in  a  manner  similar  to  that 


employed  in  the  Series  I-b  experiments.  was  held  constant  at  6  Ib^ 
per  sec,  and  the  nozzle -diffuser  distance  was  maintained  constant  at 
L  =  1/4  in. 
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Nozzles  of  0.3^0,  0.402,  and  0.432  In.  exit  diaioeters,  denoted  as 
Nozzles  1,  2,  £uid  3>  were  each  employed  in  conjunction  with  three 
different  converging-diverging  inlets,  denoted  as  Inlets  Cl,  C2,  and 
C3,  and  three  different  diverging  Inlets,  denoted  as  Inlets  Dl,  D2, 
and  D3.  Table  2  presents  the  exit  diameters  of  Nozzles  1,  2,  and  3^ 
and  the  throat  diameters  of  the  eif ore-mentioned  inlets. 

Table  2 

Nozzles  and  Diffuser  Inlets  Ehiployed 
in  the  Series  II  Free-Jet  Experiments 


Nozzle 

Exit  Diameter,  in. 

1 

0.350 

2 

0.402 

3 

0.432 

Inlet 

Type 

Throat  Diameter,  in. 

Cl 

Convei ging -Diverging 

0.332 

C2 

Converging-Diverging 

0.415 

C3 

Converging -Diverging 

0.500 

Dl 

Diverging 

0.332 

D2 

Diverging 

0.415 

D3 

Diverging 

0.500 

Figure  3  Illustrates  the  configurations  of  the  nozzles  and  the 
Inlets  employed  in  the  Series  II  free- Jet  experiments.  A  typical 
converging -diverging  inlet  is  shown  in  Figure  3>  the  diverging  inlets 
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vere  fabricated  by  cutting  off  the  converging  portions  of  the 
converging'dl verging  Inlets.  Figure  6  Is  a  photograph  of  Nozzle  2  and 
Inlet  Cl,  in  position  for  the  free- Jet  experiments;  the  collar  holds 
the  nozzle  and  the  inlet  in  the  desired  positions  relative  to  each 
other. 

A  detailed  description  of  the  experimental  apparatus  enqployed  In 
the  Series  II  free- jet  experiments  is  presented  in  Reference  11, 

Qy  employing  all  of  the  possible  combinations  of  nozzles  and 
diffuser  Inlets,  nine  different  values  of  the  ratio  of  the  free- Jet 
diameter  to  the  diffuser  throat  diameter,  hereeifter  called  the  Jet- 
inlet  diameter  ratio  d,  were  investigated  for  each  of  the  converging- 
diverging,  and  the  diverging  Inlets.  The  method  employed  for  coaqputlng 
the  diameters  of  the  free  Jets  employed  in  these  eiqjerimenta  is 
described  in  Appendix  B.  Table  3(a)  presents  the  valms  of  B  for  the 
nine  nozzle-diffuser  inlet  combinations  for  the  converging-diverging 
diffuser  inlets;  Thble  3(t)  presents  similar  information  for  diffusers 
mnploylng  diverging  inlets.  Appendix  C  presents  the  method  of 
detexminlzig  the  kinetic  energies  associated  with  the  free  Jets  of 
liqviid  discharged  from  Nozzles  1,  2,  and  3< 

In  all  cases  the  back  pressure  Pp^  was  varied  so  that  the  pres¬ 
sure  recovezy  factor  Kp  varied  from  approximately  y)  to  100  per  cent. 

Figure  7  presents  the  overed.!  efficiency  as  a  function  of  the 
pressure  recovezy  factor  Kp  for  Nozzles  1,  2,  and  3  employed  in  con¬ 
junction  with  diffuser  Inlets  Cl,  C2,  and  C3,  with  the  Jet-inlet 
diameter  ratio  d  as  a  parameter.  Figure  8  presents  similar  curves 
for  Nozzles  1,  2,  and  3  with  diffuser  Inlets  Dl,  D2,  and  D3, 
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Tig.  7  Overall  XffleleBcy  as  a  Tunetioa  of  tbe  FMssure  Seeovary 
Factor  for  lozzles  1,  2,  and  3  and  Convargliig-Dlverglng 
Inlets  Cl,  C2,  and  C3 
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PRESSURE  RECOVERY  FACTOR.  Kp , PER  CENT 


Flg>  8  Overall  SCficlency  as  a  runetion  of  the  Pressure  Recovery 
Factor  for  Nozzles  1.  2,  and  3  end  Dlvergiiig  Inlets  U. 
D2,  end  D3 
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Table  3 

Values  of  the  Jet-Inlet  Diameter  Ratio  9 
for  the  Series  II  Free-Jet  Experiments 


(a)  Converging-Diverging  Inlets 


Nozzle 

Inlet  Cl 

Inlet  C2 

Inlet  C3 

1 

I.l4 

0.91 

0.76 

2 

1.30 

1.04 

0.86 

3 

1.41 

1.13 

0.94 

(b)  Diverging  Inlets 

Nozzle 

Inlet  D1 

Inlet  D2 

Inlet  D3 

1 

1.09 

0.87 

0.72 

2 

1.24 

1.00 

0.83 

3 

1.38 

1.10 

0.92 

Figure  9  presents  ^  ^  function  of  9  for  diffusers  with 

converging-diverging  inlets,  and  with  diverging  inlets.  Ihe  curves 
present  the  peak  values  of  obtained,  denoted  by  for  each 

value  of  9  investigated. 

3-4  Oas  Entrainment  Experiaients 

Figure  10  illustrates  schematically  the  apparatvis  employed  for 
conducting  the  gas  entrainment  experiments.  Since  a  detailed  descrip¬ 
tion  of  that  apparatus  is  presented  in  BeCbzence  11,  only  a  brief 
description  is  presented  here. 

All  of  the  gas  entrainment  experiments  were  conducted  under 
connected-pipe  conditions  of  entrance.  An  air  injector  located  in  the 
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water  line  upstream  from  the  diffuser,  provided  a  means  for  supplying 
a  two-]^ase  mixture  of  air  and  water  to  the  diffuser.  ekljusting 
the  control  valves  In  the  air  and  water  supply  lines  upstream  from  the 
air  injector,  the  air  and  water  flow  rates  could  be  vsuried.  Figure  11 
is  a  ^otograph  of  the  experimental  apparatus  mounted  on  the  test 
stand  for  the  gas  entrainment  experiments. 

Ibe  diffusing  section  was  preceded  hy  a  rounded,  converging  noz¬ 
zle,  so  that  the  velocity  at  the  inlet  to  the  diffuser  was  approxi¬ 
mately  uniform  across  the  stream.  The  diaoieter  of  the  conical 

diffusing  section  Increased  from  O.^iOO  in.  at  the  throat  to  1.200  in. 

o 

at  the  exit  section;  the  total  angle  of  divergence  was  7  •  ^^le 
diffuser  discharged  into  a  plenum  chamber.  A  valve  downstream  from 
the  plenum  chamber  was  employed  for  controlling  the  back  pressure,  and 
hence  the  static  pressure  at  the  throat  of  the  diffuser,  denoted  bjr 

^OH* 

Ibe  pressure  recovery  i>araiBeter  eiQ)loyed  for  these  sjqperiments  is 
the  diffuser  efficiency,  defined  by 

^  (3-7) 

Ydiere  P„  and  P_  are  the  static  pressures  measured  at  the  plenum 
chamber  and  the  diffuser  throat,  respectively,  is  the  density  of 
the  liquid,  and  is  the  velocity  of  the  two-fdiase  mixture  at  the 
throat;  the  flow  at  the  throat  was  assumed  to  be  one-dimensional. 

Ibe  volumetric  gas  entrainment  in  the  mixture  crossing  the  throat 


section  is  defined  by 


(3-8) 
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Fi^.  11  Diffuser  Apparatus  Mounted  on  the  Test 

Stand  for  the  Gas  Entrainment  Experiments 
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^^ere  and  cure  the  volumetric  rates  of  flow  of  the  gas  and  the 
liquid,  respectively,  measured  at  the  throat  section  of  the  diffuser. 

Two  methods  for  conducting  the  gas  entrainment  experiments  were 
investigated.  In  the  first  method  the  mass  rate  of  flow  of  the  liquid 
was  held  constant  while  the  mass  rate  of  flow  of  the 
varied.  In  the  second  method,  hoth  the  gas  and  the  liquid  flow  rates 
were  varied  in  such  a  way  that  the  velocity  of  the  two>phase  mixture 
at  the  throat  of  the  diffuser  was  a  constant.  Since  the  second 
method  permitted  data  points  to  he  taken  over  a  greater  range  of  the 
values  of  the  pertinent  parameters,  it  was  the  method  emplogred  in  the 
ejqteriments  to  be  discussed.  In  all  of  the  eiqperiments  the  throat 
velocity  was  ■  9^  fps,  and  the  throat  pressures  investigated  were 
Pjg  «  30,  >10,  50,  and  60  psia. 

Quantities  measured  and  calculated  for  each  data  point  were 
Pq,  N^,  and  the  tea^rature  of  the  two-phase  mixture  at  the 
throat  of  the  diffuser  Tj^^.  From  these  data  was  determined  as  a 
function  of  the  voluaietric  gas  entrainment  B  in  the  mixture  croasing 
the  throat  section  of  the  diffuser  (see  equation  3-8). 

Figure  12  presents  the  diffuser  efficiency  u  a  function  of 
the  volumetric  gas  entrainment  E,  with  the  throat  pressure  P^  as  a 
parameter. 

The  theoreticcd  diffuser  efficiency  for  the  isentropic  flow  of 
a  two-phase  lalxture  of  a  gas  and  a  liquid,  with  no  internal  tempera¬ 
ture  difference,  is  approximately  given  by 


gas  was 


(3-9) 
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The  derivation  of  equation  3*9  is  presented  in  Appendix  D. 

Figure  13  presents  Kj^  (calculated  hy  neans  of  equation  3-9)  m  ^ 
function  of  the  voluisetric  gas  entredjament  E  for  the  two-phase  flow  of 
a  mixture  of  water  and  air  at  throat  pressures  of  *  30  and  60  psia 
and  a  throat  velocity  of  »  95  fps«  For  ccoqparison  two  of  the 
experimental  curves  presented  in  Figure  12  are  eilao  plotted  in 
Figure  I3. 
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4  DISCIBSION  OF  OBE  ESCPERIMENXAL  RESULTS 

4-1  Free-Jet  Experiiaents 

Since  tbe  discharge  pressure  in  the  Series  I-a  free-Jet  eiqperi- 
ments  was  not  controlled  to  give  values  of  tbe  pressure  recovery 
factor  Kp  \dilcb  could  be  readily  compared  for  the  various  nozzle-inlet 
combinations  eq;>lQyed^  little  information  of  practical  importance  vas 
obtained  from  those  e:q>eri]oents .  It  was  observed,  however,  that  tbe 
nozzle-inlet  distance  L  and  the  liquid  flow  rate  had  little  effect 
on  the  performance  characteristics  of  the  diffuser.  It  is  hypothe¬ 
sized  that  variations  in  L  and  affected  the  diffuser  performaace 
only  insofar  as  they  (1)  changed  tbe  diameter  'of  the  free  Jet  entering 
the  diffuser,  or  (2)  caused  gas  to  become  entrained  in  the  Jet 
entering  the  diffuser.  The  hypothesis  cannot  be  Justified  without 
additional  e^qieriments  conducted  so  that  tbe  back  pressure  is  con¬ 
trolled  cmd  tbe  gas  entrainment  is  smasured. 

Althouidi  tbe  back  pressure  was  varied  in  the  Series  I-b  free-Jet 
e^qperiments,  the  nozzles  and  inlets  employed  did  not  give  a  large 
enough  range  of  vedues  for  the  Jet-inlet  diaeieter  ratio  d,  to  yield 
significant  results  regarding  the  influence  of  6. 

!Rie  Series  II  free-Jet  eaq>erlfflents  indicated  that  each  nozzle- 
inlet  combination,  when  investigated  with  a  constant  flow  rate  N.  and 
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a  constant  nozzle-inlet  distance  L,  had  a  pressure  recovery  factor  Kp 
for  which  the  overall  efficiency  was  a  maximum  (see  Figures  7  and  8). 
For  the  nozzle-inlet  combinations  enqployed,  this  value  of  Kp  was 
between  79  and  96  per  cent,  and  the  corresponding  values  of 
ranged  from  k6  to  86.5  per  cent. 

It  is  of  interest  to  examine  the  relative  magnitudes  of  Kp  and 
K^^  under  conditions  yielding  high  values  of  K^.  Table  4  presents 
some  experimental  data  points  for  which  was  greater  than  80  per 
cent.  It  is  apparent  that  the  hipest  values  of  occur  when  Kp  and 

are  of  the  order  of  90  and  93  per  cent,  respectively. 

The  curves  obtained  by  plotting  K^  as  a  function  of  Kjjfor. 
given  nozzle-inlet  combination  (Figures  7  and  8)  peak  sharply  for 
values  of  Jet-inlet  diameter  ratio  6  larger  than  unity.  Aa  6  ie 
decreased,  however,  the  top  of  the  curves  flatten  out.  The  flattening 
is  ascribed  to  the  behavior  of  the  Jets  for  smaller  values  of  6;  they 
showed  a  smaller  tendency  to  "spill  over"  the  outside  of  the  diffuser 
inlet.  The  Jets  for  smaller  values  of  0  gave  low  values  of  energy 
recovery,  due  probably  to  separation  of  the  flow  from  the  walls  of  the 
diffuser;  a  Jet  for  a  small  0  does  not  fill  the  flow  channel  idien  it 
enters  the  diffuser. 

The  Series  II  free-Jet  experiownts  also  indicated  that  there  was, 
for  each  type  of  inlet  investigated,  a  Jet-inlet  diameter  ratio  0  for 
which  (the  peak  value  of  for  a  given  6)  had  a  maximum 

value.  Figure  9  shows  that  for  the  converging-diverging  inlet,  the 
largest  value  of  occurs  at  a  Jet-inlet  diameter  ratio  of 
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Table  4 

SEoaple  Data  for  the  Free-Jet  Experiments 
(a)  Converging-Diverging  Inlets 


Inlet 

Nozzle 

6 

% 

*^CAP 

•'o 

C2 

2 

1.04 

85.7 

97.5 

83.6 

C3 

3 

0.94 

88.6 

95.5 

84.6 

C3 

3 

0.94 

90.9 

94.4 

85.8 

C3 

3 

0.94 

94.7 

86.7 

82.1 

(b)  ] 

Diverging 

;  Inlets 

Inlet 

Nozzle 

6 

•'cap 

•'o 

D3 

3 

0.92 

89.2 

97.1 

86.6 

D3 

3 

0.92 

91.2 

94.8 

86.5 

D2 

1 

0.87 

93.5 

92.4 

86.4 

D2 

1 

0.87 

94.6 

89.9 

85.1 

B  *  0.99>  The  corresponding  value  of  the  peak  overall  efficiency  is 
‘  ^  cent.  For  the  diverging  inlet  the  largest  value  of 
vas  86.3  per  cent  and  occurred  at  B  -  0.91> 

From  Figure  9,  it  appears  that  for  applications  vfaere  B  nay  at 
times  exceed  unity,  it  would  be  desirable  to  employ  a  converging- 
diverging  inlet,  since  the  latter  type  of  inlet  yields  hitler  energy 
recoveries  for  B  larger  than  unity.  Ihe  afore-mentioned  conclusion  is 
edso  intuitively  obvious,  since  the  converging-diverging  inlet  pro¬ 
vides  a  means  for  "funneling"  a  Jet,  having  a  diameter  larger  than 
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the  throat  diameter  of  the  diffuser^  into  the  diffuser. 

It  is  not  obvious,  however,  that  the  diverging  inlet  would  give 
better  energy  recovery  than  the  converging-diverging  inlet  for  values 
of  Jet-inlet  diameter  ratio  6  less  than  approximately  unity,  as  is 
shown  in  Figure  9*  In  fact,  one  would  expect  the  tvro  types  of  Inlets 
to  yield  the  same  values  of  when  0  is  less  than  unity. 

Accurate  measurements  of  the  amount  of  gas  entering  the  diffuser 
could  not  be  made  when  the  free -Jet  experiments  were  performed.  Ibere 
is  reason  to  believe  that  gas  entrainment  was  responsible  for  a  por¬ 
tion  of  the  energy  losses  in  the  diffuser,  particularly  vben  the  free 
Jet  was  considerably  smedler  than  the  diffuser  inlet  throat  diameter. 
4-2  Gets  Entrainment  Experiments 

Ibe  results  of  the  gas  entrainment  ejqperiments  agree  qualita¬ 
tively  with  the  diffuser  efficiency  curves  obtained  assundmg  Isentroplc 
two-phase  flow  with  no  internal  temperature  difference.  In  both  the 
experimental  and  the  analytical  results  the  diffuser  efficiency 
decreases  with  an  Increase  in  volvmetric  air  entrainment  E.  Also,  for 
a  given  value  of  E,  decreeiaes  ^dien  the  static  pressure  at  the 

throat  of  the  diffuser  P_  Increases. 

HI 

As  can  be  seen  from  Figure  13,  however,  for  given  vsilues  of  E  and 
throat  pressure  there  is  a  large  difference  in  the  values  of 
diffuser  efficiency  obtained  from  the  experiment  and  the  predicted 
veilues  based  on  analysis;  the  experimented  values  of  were  much 
smaller  than  the  predicted  values.  One  may  explain  the  disagreement 
between  experiment  and  theoxy  on  the  basis  discussed  below. 
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naere  are  three  types  of  energy  losses  associated  with  a  two* 
phase  mixture  flowing  through  a  diffuser.  First;  is  the  work  required 
to  compress  the  entrained  gas,  and  that  type  of  loss  was  the  only  one 
accounted  for  in  the  theoretical  analysis.  Second;  there  is  the 
inherent  diffuser  loss;  which  occurs  even  \Aien  liquid  alone  is 
flowing  through  the  diffuser;  for  the  diffuser  employed  in  these 
experiments;  this  loss;  iThlch  is  caused  hy  friction  and  turbulent 
energy  dissipation;  is  approximately  12.7  cent  of  the  entering 
kinetic  energy.  !Qiird;  there  is  an  additional  loss;  Tdaich  will  be 
celled  the  "two-phase"  loss  and  denoted  as  v/hich  occurs  because  a 
diffuser  does  not  diffuse  a  two-idiase  fluid  eis  efficiently  as  a  single 
fluid;  even  when  the  compression  work  is  not  considered. 

Table  5  presents  the  vadues  of  these  three  losses  for  throat 
pressures  of  »  30  and  60  pslS;  and  volumetric  gas  entrcdmaents  of 
£  3  0;  3;  10;  13;  and  20  per  cent. 

It  should  be  noted  that  the  two-phase  loss  is  not  due  to 
increased  pressure  drop  in  the  direction  of  flow  because  of  wall 
friction;  since  it  may  be  shown  by  the  method  of  Chenoweth  and 
Martin  (l)  that  for  a  constant  throat  velocity  the  pressure  drop  due 
to  wall  friction  is  smaller  for  a  two-phase  flow  than  for  a  slxigle- 
phase  liquid  flow. 

Since  the  two-phase  loss  is  appreciably  smaller  than  the  other 
two  losses  for  values  of  volumetric  gas  entrainment  less  than  3 
cent;  the  theoretical  curve  gives  a  fair  approximation  (within  23  per 
cent)  of  the  decrease  in  diffuser  efficiency  to  be  expected  with 
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Table  ^ 

Energy  Loss  Analysis  for  the  Gas  Entrainment  Experiments 


(a)  P_  =  30  psia  Volumetric  Gas  Entraiimient,  per  cent 

_ E  =  0  5  10  1^  20 


Diffuser  Efficiency, 

87.3 

83.8 

78.7 

72.6 

65.4 

Inherent  Loss 

12.7 

12.7 

12.7 

12.7 

12.7 

Compression  Loss 

0 

2.8 

5.9 

9.1 

12.6 

Two-Phase  Loss,  L^p 

0 

0.7 

2.7 

5.6 

9.3 

(t)  Fih  =  60  psia 

Volumetric 
E  =  0 

Gas  Entrainment,  per 

5 _ 10 _ 15 _ 

cent 

20 

Diffuser  Efficiency,  Kj^ 

87-3 

83.2 

77.7 

71.7 

65.0 

Inherent  Loss 

12.7 

12.7 

12.7 

12.7 

12.7 

Compression  Loss 

0 

3.5 

7.2 

11.1 

15.2 

Two-Riase  Loss,  L^ 

0 

0.6 

2.k 

4.5 

7*1 

tvra-pbase  flov.  Iberefore,  if  the  inherent,  single  fluid  loss  is 
known,  the  total  loss  may  be  approximated  for  values  of  volumetric  gas 
entrainment  up  to  ^  per  cent,  if  the  throat  velocity  is  approximately 
95  fps*  For  values  of  volumetric  gas  entrainment  greater  than  5  per 
cent,  however,  the  total  loss  in  efficiency  will  be  considerably 
larger  than  the  combined  compression  and  Inherent  losses. 

In  actual  Jet  pump  applications,  the  throat  velocity  would  be 
several  times  that  investigated  in  these  experiments.  Figure  l4 
presents  the  diffuser  efficiency  as  a  function  of  the  volimetric 
gas  entrainment  E  for  the  isentropic,  no  intemeil  temperature 
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difference  flow  of  air  and  water  with  a  throat  pressure  of  =  30 
psia.  Throat  velocities  of  =  95  and  300  fps  axe  shown.  It  is 
apparent  that  the  decrease  in  for  isentropic  flow  is  less  for 
diffusers  with  high  throat  velocities  than  for  those  with  lower  throat 
velocities.  Preliminary  experiments  showed  that  for  the  flow  of  only 
water,  the  velocity  had  little  effect  on  the  Inherent  diffuser  loss. 
Therefore,  assuming  that  the  two-phase  loss  does  not  Increase  when  the 
throat  velocity  increases,  it  follows  that,  for  a  given  volumetric  gas 
entrainment  E,  the  diffuser  efficiency  of  a  t\fo-phase  diffuser 
Increeises  as  the  throat  velocity  increases. 

The  experimental  results  of  Karplus  (5),  which  came  to  the  atten¬ 
tion  of  the  present  investigator  only  after  the  reseeurch  reported 
herein  had  been  completed,  may  have  considerable  bearing  on  the 
results  of  the  gas  entrainment  experiments. 

Karplus  found  that  the  acoustic  velocity  of  a  t^ro-phase  Bd.xture 
of  air  and  water  may  be  very  much  lower  than  that  of  water  alone. 

Since  his  experiments  show  that  the  acoustic  velocity  of  an  air-water 
mixture  is  95  fps  for  a  volumetric  air  entrainment  of  E  «  12  per  cent, 
it  would  follow  that  with  that  air  entralnoKnt,  the  14ach  number, 
defined  as  the  local  velocity  of  the  fluid  divided  by  the  local 
acoustic  velocity,  at  the  throat  of  the  diffuser  during  the  gas 
entrednment  experiments  would  equal  one.  And  at  values  of  E  greater 
than  12  per  cent,  the  flow  at  the  throat  would  be  supersonic,  l.e., 
the  throat  velocity  would  be  greater  than  the  local  sonic  velocity. 

The  exact  effect  such  a  condition  would  have  on  the  diffuser 
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performance  Is  unkno^m,  due  to  the  limited  knowledge  of  this  type  of 
two -phase  flow. 

It  was  of  Interest;  however;  to  attempt  a  correlation  of  the 
results  of  the  gas  entrainment  experiments,  basing  the  correlation  on 
the  Mach  number  at  the  throat  of  the  diffuser,  denoted  as  Ihls 

was  accomplished  in  the  following  manner,  with  full  realization  that 
the  results  of  the  correlation  may  have  little  or  no  validity,  because 
of  the  limited  knowledge  regarding  the  characteristics  of  the  two- 
phase  flow,  and  also  the  simplicity  of  the  method  of  correlation. 

It  was  cussumed  that  the  two-phase  loss,  denoted  L^,  was  a  func¬ 
tion  only  of  the  Mach  number  at  the  throat  of  the  diffuser,  t^,  such 
that 

=  A  (4-1) 

Ihe  constants  A  and  B  in  equation  4-1  were  evaluated  for  both  throat 
pressures  of  30  and  6o  psia,  based  on  the  values  of  the  two-phase  loss 
appearing  in  Table  The  correlation  was  made  to  agree  exactly  with 
the  experimental  values  of  the  two-phase  losses  corresponding  to 
E  =  0,  10,  and  20  per  cent.  The  results  of  that  correlation  are 

.  30  p»U;  .  2.9 

*  So  psi»;  Ljp  «  2.2 

Based  on  the  foregoing  correlation,  the  two-phase  loss  is  strongly 
dependent  on  the  Mach  number  at  the  throat  of  the  diffuser.  Referring 
to  the  eeurlier  discussion  of  the  effect  that  increasing  the  throat 
velocity  would  have  on  the  diffuser  efficiency,  it  is  seen  that 
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although  the  compression  loss  may  be  smaller  for  a  higher  throat 
velocity  than  for  that  investigated^  the  two-phase  loss  may  become 
extremely  large  at  a  higher  velocity,  even  for  fairly  moderate  values 
of  air  entrainment.  For  example,  if  =  6o  psia,  =  300  fps,  and 
E  =  3  PCX'  cent,  then,  according  to  Karplus,  .24  and  hence, 

employing  the  correlation  just  developed,  =  55  per  cent! 

It  is  admitted  that  the  latter  result  was  obtained  by  an  argument 
based  on  limited  information.  Nevertheless,  it  points  out  the 
possible  importance  of  compressibility  effects  in  two-phase  diffuser 
flow. 
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3  CONCLUSIONS  AND  RECCMOamATIONS 


5-1  Conclusions 

1.  It  is  possible  to  design  a  diffuser  inlet  which  will  enable 
86.5  per  cent  of  the  kinetic  energy  of  a  free  jet  of  liquid  to  be 
recovered  in  the  diffuser,  (in  a  free- Jet  experiment  95*1  per  cent  of 
the  Jet  was  captured  by  the  diffuser  6uid  91  per  cent  of  the  kinetic 
energy  of  the  captured  Jet  was  converted  to  static  pressure.) 

2.  For  maximum  toteuL  energy  recovery,  the  Jet-inlet  diaaeter 
ratio  should  be  O.9I  for  a  diffuser  with  a  diverging  inlet  and  0.99 
for  a  diffuser  with  a  converging-diverging  inlet. 

3.  Entrained  gas  in  a  free  Jet  entering  a  diffuser  ia  det'^'^sien- 
tal  to  the  pressure  recovery  cheuracteristics  of  the  diffuser. 

4.  For  values  of  volumetric  gas  entrainment  less  than  5  per  cent 
and  a  throat  velocity  of  95  fps,  the  decrease  in  diffuser  efficiency 
caused  by  the  entrained  gas  is  approximately  the  same  for  an  actual 
diffuser  flow  as  for  Isentroplc  flow  with  no  internal  temperature 
difference.  For  values  of  volumetric  gas  entrainment  greater  than  5 
per  cent,  the  energy  loss  will  be  significantly  larger  than  that  for 
the  Isentroplc  flow. 

5.  The  relatively  low  sonic  velocities  encountered  in  two-phase 
diffuser  flow  are  a  possible  source  of  compressibility  effects  which 
may  seriously  reduce  the  energy  recovery  in  the  diffuser. 
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3-2  Reconmendat Ions 

1.  Additional  investigation  of  the  effects  that  entrained  gas 
has  on  the  diffusion  of  a  liquid  are  required^  since  the  results 
reported  herein  Indicate  that  gas  entrainment  may  greatly  decrease  the 
pressure  recovery  of  the  diffuser.  In  particular,  this  problem  must 
be  investigated  with  velocities  considerably  higher  than  those 
corresponding  to  Mach  1  at  the  Inlet  of  the  diffuser. 

2.  Following  additional  gas  entrainment  experiments,  free-Jet 
experiments  conducted  with  a  two-phase  Jet  rather  than  a  liquid  Jet 
should  be  conducted  to  obtain  information  on  the  characteristics  of 
two-phase  diffusion  flo^r  \7lth  free-Jet  entrance  conditions.  Such 
experiments  will  no  doubt  be  more  difficult  to  perform,  because  of  the 
increased  number  of  variables.  Also,  it  is  expected  that  additional 
"side"  problems,  such  as  the  divergence  of  the  Jet,  would  be  encoun¬ 
tered.  Such  experiments  are  needed,  however,  because  of  the  lack  of 
Infoxmaticxi  on  the  characteristics  of  two-phase  flows. 
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APPENDIX  A 

NOMENCLATURE 


A 


^OZ 


c 

c 


L 

P 


2 

cross-sectional  area  of  the  free  Jet,  ft  . 

2 

cross-sectional  area  of  the  nozzle  exit,  ft  . 

specific  heat  of  the  liquid,  B/lh  R. 

n 

constant  pressure  specific  heat  of  the  gas,  s/lb  R« 


^ST 


diameter  of  the  nozzle  exit,  in. 

diameter  of  the  free  Jet,  measured  at  the  plane  of  the  throat 
of  the  diffuser,  in. 

diameter  of  the  throat  of  the  diffuser,  in. 

volumetric  gas  entrainment,  /  (Q^  +  Q^),  per  cent. 

specific  enthalpy,  B/lb  . 

n 

specific  heat  ratio  of  the  gas. 

capture  efficiency,  per  cent. 

1  2 

Kjj  diffuser  efficiency,  (Pp^,  -  P^)  / 

Kp  overall  efficiency,  Kp,  per  cent. 

peak  value  of  the  overall  efficiency  for  a  given  value  of  the 
Jet-inlet  diameter  ratio  9,  per  cent. 

Kp  pressure  recovery  factor,  Pp^  /  per  cent. 


E 

h 

k 


L 


distance  between  the  exit  plane  of  the  nozzle  and  the  inlet 
plane  of  the  diffuser,  in. 


ua 


“cap 

“g 

“l 

p 

p 

p 

IHH 

^dtn' 

^D3fN 


^G 


distance  betvreen  the  exit  plane  of  the  nozzle  and  the  plane  of 
the  throat  of  the  diffuser,  in. 

"two-phewe"  energy  loss  in  a  two-phase  diffuser,  per  cent, 
mass  rate  of  flow  of  the  liquid  captured  by  the  diffuser, 
lb  /sec. 

mass  rate  of  flow  of  the  gas,  lb uj/sec. 
mass  rate  of  flow  of  the  liquid,  lb  /sec. 

Mach  number  at  the  throat  of  the  diffuser, 
power  in  the  power  law  relationship, 
pressure  of  the  two-phase  mixture,  psfa. 

dynamic  pressure  at  a  point  in  a  plane  perpendicular  to  the 

axis  of  the  free  Jet,  psl. 

nominal  dynamic  pressure  of  the  free  Jet, 

mean  dynamic  pressure  of  the  free  Jet,  psl. 

static  pressure  in  the  plenum  chamber  of  the  diffuser,  or  beick 

pressure;  pslg  (free- Jet  experiments),  psia  (gaw  entrainment 

ejqperiments) . 

static  pressure  at  the  throat  of  the  diffuser,  psia. 
differential  pressure  measured  across  the  air  orifice  meter, 
psl. 

differential  pressure  measured  across  the  water  orifice  meter, 
psi. 

volume  rate  of  flow  of  the  gas,  measured  at  the  throat  of  the 
diffuser,  ft v sec. 

volume  rate  of  flow  of  the  liquid,  ft V sec. 
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r  radial  distance  from  the  center  of  the  free  jet,  in. 

R  reidlus  of  the  free  jet,  in. 

Rg  gas  constant  of  the  gas,  ft-lb^/lb^^R. 

s  specific  entropy,  B/lb^^R. 

^s  change  in  the  specific  entropy  between  stations  1  and  2, 

B/lb  R. 
in 

S  entropy  of  the  two-phase  mixture,  B/R. 

^3  change  in  the  entropy  of  the  two-jdiase  mixture  between 
stations  1  and  2,  B/R. 

T  temperature,  R. 

temperature  of  the  two-phase  mixture  at  the  throat  of  uhe 
diffuser,  R. 

u  specific  Internal  energy,  B/lb^. 

V  velocity,  fps . 

mean  velocity  of  the  two-phase  mixture  at  the  throat  of  the 
diffuser,  fps. 

V  mean  velocity  of  the  free  Jet, 

V  expansion  factor  in  the  equation  for  the  gas  flow  rate. 

d  ratio  of  the  diameter  of  the  free  jet,  meeisured  at  the  plane 

of  the  throat  of  the  diffuser  (see  Figure  l),  to  the  diameter 
of  the  throat  of  the  diffuser  inlet, 

Pq  density  of  the  gas,  lb ^/ft^. 

density  of  the  gas  measured  at  the  upstream  tap  of  the  air 
orifice  meter,  lb  /ft^. 

Pj^  density  of  the  liquid,  Ib^/ft^. 
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0  ratio  of  the  dynamic  pressure  to  the  nominal  dynamic  pressure 

of  the  free  jet,  • 

maximum  value  of  0  for  a  given  nozzle. 

Subscripts 

1  throat  of  the  diffuser  (Appendix  D). 

2  plenum  chamber  (Appendix  D). 

G  gas. 

L  liquid. 

PC  plenum  chamber. 

IB  throat  of  the  diffuser. 
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APPENDIX  B 

DETERMINATION  OF  THE  DIAMETERS  OP  THE  FREE  JETS 
OF  LIQUID  PROM  NOZZLES  1,  2,  AND  3 


B-1  Introduction 

To  correlate  the  data  obtained  from  the  free-Jet  experiments,  one 
must  know  D^  and  D^^,  the  diameters  of  the  throat  of  the  diffuser  and 
of  the  free  Jet,  respectively;  the  diameter  Dg^  is  meastired  at  the 
distance  (see  Figure  l)  from  the  exit  plane  of  the  nozzle. 

The  throat  diameter  D^  vas  measured  with  inside  calipers  and  a 
microoieter.  The  determination  of  the  Jet  diameter,  hovever,  was  dif¬ 
ficult  for  two  reasons.  First,  the  Jet  diverged  after  leaving  the 
nozzle,  so  that  the  diameter  of  the  Jet  vas  not  equal  to  the  exit 
diameter  of  the  nozzle  Second,  the  Jet  was  surrounded  by  a  fine 
spray,  making  it  difficult  to  define  the  exact  boundary  of  the  Jet. 

In  this  appendix  the  photographic  method  employed  for  determining 
the  diameters  of  the  free  Jets  of  liquid  downstream  from  Nozzles  1,  2, 
and  3  is  presented. 

B-2  Description  of  the  Experimental  Apparatus 

Figure  B-1  is  a  photograph  of  the  apparatus  employed  for  meas¬ 
uring  the  diameters  of  the  free  Jets.  A  light,  seen  at  the  top  of  the 
photograph,  was  placed  directly  behind  the  free  Jet,  relative  to  the 
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Fig.  B-1  Apparatus  for  the  Measurement  of  the 
Diameters  of  the  Free  Jets 
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camera.  It  was  found  'id.th  that  arrangement  the  light  penetrated  the 
aif ore -mentioned  spray ^  thus  making  the  actual  boundary  of  the  Jet  more 
visible. 

Ibe  light  source  was  a  No.  2  photoflood  lamp  in  a  reflector.  A 
sheet  of  tracing  paper  \ras  fastened  over  the  reflector,  but  not  in 
contact  with  the  lamp,  to  diffuse  the  light  from  the  source.  Ihe 
camera  was  a  Crown  Graphic  4x5  press  camera  mounted  on  a  tripod. 

Ihe  axis  of  the  nozzle  and  jet  was  parallel  with  the  planes  of  the 
lens  of  the  camera  and  the  film.  Consequently,  the  dimensions  of  the 
Jet  and  nozzle  were  proportional  to  the  respective  dimensions  of  their 
images  on  the  film. 

B-3  Experimental  Procedure 

Photographs  were  taken  of  the  Jet  from  eeich  nozzle  at  flow  rates 
of  »  4,  6,  8,  and  10  Ib^  per  sec.  Exposures  were  1/200  sec  at  fl6 
using  Kodak  Royal  Pan  film. 

fo  facilitate  the  scaling  of  the  image,  an  enlargement  of  each 
photograph  was  made  on  8  x  10  in.  glossy  p^per.  Figure  B-2  presents 
a  smaller  enlargement  than  that  used  for  making  the  measurements. 

The  diameter  of  the  nozzle  exit  was  taken  as  the  reference 
dimension,  and  all  other  dimensions  were  referred  to  it.  Ihus 

length  on  photograph  _  diameter  of  nozzle  exit  on  photograph 
actual  length  ~  actual  diameter  of  nozzle  exit 

Ihe  diameters  of  each  Jet  were  measured  at  positions  0.25,  0.50,  0.75/ 


and  1.00  in.  downstream  from  the  nozzle. 
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Fig.  B-2  Saaple  Photograph  of  a  Free  Jat 
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B-4  Reaults 

Figure  B-3  presents  the  Jet  diameters  as  a  function  of  the  dis¬ 
tance  from  the  nozzle  for  Nozzles  1^  2,  and  3>  for  a  flow  rate  of 
Mj^  =  6  Ib^  per  sec  (the  value  of  for  the  Series  II  free- jet  ejqperi- 
ments).  A  smooth  curve  vras  dravn  through  the  data  points  for  each 
nozzle,  and  the  Jet  diameters  employed  in  the  Series  II  free- Jet 
experiments  were  obtained  from  the  smooth  curves.  Table  B-I  presents 
the  values  of  Jet  diameter  obtained  from  such  curves  for  Nozzles  1,  2, 
and  3,  at  distances  of  0,  0.23,  0.50,  0.75,  and  1.00  in.  from  the 
nozzle. 


Table  B-1 

Jet  Diameter  as  a  Function  of  the  Distance 
from  the  Nozzle  for  Nozzles  1,  2,  and  3 

Distance  from  Nozzle,  in. 


0 

0.25 

0.50 

0.75 

1.00 

Nozzle  1 

0.350 

0.362 

0.371 

0.378 

0.384 

Nozzle  2 

O.I402 

0.4l4 

0.423 

0.431 

0.437 

Nozzle  3 

0.452 

0.459 

0.465 

0.470 

0.474 

B-5  Sources  of  Error 

Possible  sources  of  error  in  the  experiments  discussed  herein, 
sire  discussed  below. 

a.  Ihe  actual  boundary  of  the  Jet  sia^  be  different  from  that 
observed,  due  to  refraction  and  reflection  of  li^t  by  the 
Jet  and  the  spray. 
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b.  Distortion  of  the  photograph  of  the  Jet  may  be  caused  by 
improper  alignment  of  the  camera  and  the  nozzle,  and  by 
improper  alignment  of  the  enleurger  employed  for  making  the 
8  X  10  in.  print. 

c.  Ihe  final  image  may  be  distorted  due  to  stretching  of  the 
film  and  the  photographic  paper  during  processing. 

d.  Variations  in  the  exposure  and  processing  of  the  film  and 
the  photographic  paper  may  cause  some  of  the  8  x  10  in. 
prints  to  be  lighter  or  darker  thaui  others.  If  that  occurs, 
the  photographed  Jet  would  appear  either  narrower  or  wider  in 
such  prints  them  if  all  the  prints  were  exposed  and  processed 
in  exactly  the  same  manner. 

e.  Errors  may  be  made  in  scaling  the  dimensions  of  the  Jet  from 
the  enlarged  idiotographs . 
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APPENDIX  C 

DETERMDIAIION  OF  THE  KINETIC  ENERGIES  OF  THE  FREE  JETS 
OF  LIQUID  FROM  NOZZLES  1,  2,  AND  3 


C-1  Introduction 

The  pressure  recovery  factor  Kp  is  defined  in  the  Series  II  free- 
Jet  experiaents  as 


DYN 


(C-1) 


vhere  P^^^  is  the  dynamic  pressure  representing  the  kinetic  energy  of 
the  free  Jet.  Ey  definition 


(C-2) 


where  A  is  the  cross-sectional  area  of  the  Jet  at  any  given  plane 
perpendicular  to  the  axis  of  the  Jet,  and 


^DXN  * 


(C-3) 


is  the  dynamic  pressure  at  any  point  in  that  plane.  If  it  is  assumed 
that  the  Jet  is  of  circular  cross-section  and  that  V,  and  hence 
is  a  function  of  the  distance  from  the  center  of  the  Jet  only, 
equation  C-2  may  be  written 


(C-4) 


0 
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where  R  is  the  radius  of  the  Jet  at  the  given  plane,  and  r  is  the 
distance  from  the  center  of  the  Jet. 

It  is  necessary  to  know  the  relationship  between  and  r,  so 

that  may  be  evaluated  employing  equation  C-4.  !Ihe  method  employed 
for  determining  the  afore-mentioned  relationship  for  Nozzles  1,  2,  and 
3  will  now  be  described. 

C-2  Description  of  the  Experimental  Apparatus 

Figure  C-1  is  a  photograph  of  the  apparatus  employed.  A  total 
pressure  tube  having  an  outside  diameter  of  0.020  in.  and  an  inside 
diameter  of  0.010  in.  vras  mounted  with  its  axis  parallel  with  that  of 
the  nozzle.  Itae  tube  was  mounted  at  the  \rartex  of  a  wedge  having  a 
total  vertex  angle  of  20°.  Ihe  wedge  could  be  moved  in  the  direction 
perpendicular  to  the  axis  of  the  nozzle.  Ihe  end  of  the  total  pres¬ 
sure  tube  %fas  between  0  and  0.01  in.  downstream  from  the  plane  of  the 
nozzle  exit. 

C-3  ESxperlaMital  Procedvge 

Ihe  free  Jets  from  Nozzles  1,  2,  and  3  vefe  Investigated  at  a 
flow  rate  of  «  6  Ib^  per  sec.  For  each  Jet,  total  pressure 
readings  were  taken  every  0.018  in.  along  one  diameter  of  the  Jet. 

Since  the  flow  rate  was  not  exactly  the  sasie  for  all  of  the  data 
points,  the  ratio  of  the  dynamic  pressure  to  a  nominal,  dynamic 
pressure  calculated  for  each  data  point.  Ihis  ratio  is 

denoted  by 

^  “  ^uxi/^din' 

The  nominal  dynamic  pressure  is  defined  as 
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Fig.  C-1  Apparatus  for  the  Measurement  of  the 
Kinetic  Energy  of  the  Free  Jets 


where  V  was  cedculated  hy  the  continuity  equation 


»  ■  V<t*soz  «=-■'> 

using  the  measured  flow  rate  and  the  measured  nozzle  exit  atrea 
Equation  C>4  may  then  be  rewritten,  in  terms  of  0  and  •  ^us 

2P  ' 

Figures  C-2,  C-3/  and  C-4  pr'Ssent  the  total  pressure  ratio  0  as  a 
function  of  the  distance  from  the  center  of  the  Jet  r,  as  deteznined 
experimentally,  for  Nozzles  1,  2,  and  3/  respectively. 

To  integrate  equation  C-8  analytlcedly,  the  functional  relation¬ 
ship  between  0  and  r  is  needed.  For  the  purpose  at  hand,  a  power  law 
relationship  was  employed.  Ilhua 

0  »  0„*X  "  r/R)P  (C-9) 

For  each  nozzle  the  value  of  p  was  chosen,  by  trial  and  error,  for 
which  the  power  law  curve  most  closely  approximated  the  experiswntal 
plot  of  0  as  a  function  of  r.  Since  the  e^qwrisientcd  total  pressure 
readings  were  believed  to  be  more  accurate  near  the  center  of  the 
stream,  more  ei^jhasis  was  placed  on  fitting  the  calculated  curve  to 
the  experimental  data  in  that  region.  Figures  C-2,  C-3,  and  C-4 
present  the  resulting  power  law  relationships  and  curves  for  Nozzles 
1,  2,  and  3/  respectively. 

Substituting  equation  C-9  into  equation  C-8  and  integrating. 
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TOTAL  PRESSURE  RATIO,  ^"^yn/W 


Fig.  C>3  Total  FMssura  Ratio  aa  a  Fuaetlon  odT  tha  Dlatanoa 
from  tha  Center  of  the  free  Jet  for  Houle  2 
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yields 

^DYN  '  ^DYk'  ^HAX  (p+1) (p+2)  (C-IO) 

C-4  Results 

^Then  the  appropriate  values  of  0^^  and  p  for  a  given  nozzle  are 
substituted  into  equation  C-10,  the  ratio  of  ^ras  ''ddi' 

Table  C-1  presents  ^yj^^DYN*  Nozzles  1,  2,  and  3. 

Ihble  C-1 

Ratio  of  the  Mean  rynamic  Pressure 
to  the  Nominsil  Il^naaic  Pressure 
for  Nozzles  1,  2,  and  3 


Nozzle 


1 


1.084 


2  1.111 

3  1.060 


The  results  presented  in  Table  C-1  were  alloyed  in  the  Series  II 
free-Jet  esperlaents  by  (l)  calculating  Pg^N*  measureaents  of 
and  iBultiplying  Pg^n'  ^  appropriate  value  of 

^dyi/^wn'* 

C-5  Sources  of  Error 

The  tvo  priaary  sources  of  error  in  the  experiments  described  in 
this  appendix,  are  (1)  inaccuracies  in  the  measured  V8j.ues  of  the 
dynamic  pressure,  especially  zwar  the  outer  edge  of  the  Jet,  and 
(2)  errors  introduced  by  the  discrepancies  between  the  esqperlaental 
data  and  the  power  lav  relationship. 
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APPENDIX  D 

IHEORETICAL  EFFICIENCY  OF  A  TWO-PHASE  DIFFUSER 

D-1  Introduction 

Ibis  appendix  presents  the  derivation  of  the  equations  for  calcu¬ 
lating  the  diffuser  efficiency  for  the  flow  of  a  tvo-phase  odxture 
of  a  liquid  cmd  a  gas  through  a  diverging  diffuser. 

Figure  D-1  is  a  schematic  diagram  of  a  tvo-phase  diverging  diffuser. 
Station  1  is  the  entrance,  or  throat,  cross-section  of  the  diffuser,  and 
station  2  is  the  exit  cross-section  of  the  diffuser,  correspoadlng  to 
the  plenum  chamber  of  the  eiqperimental  diffusers. 

D-2  Assumptiops 

The  assui^lons  presented  below  were  employed  in  the  analysis  of 
the  two-phase  diffuser. 

(1)  The  flow  is  steady^  frlctlonXcss^  ud  one *d1  inns Ipoal# 

(2)  The  gas  and  the  liquid  are  uniformly  mixed  and  travel  at 
the  same  velocity. 

(3)  No  heat  is  transferred  across  the  boundaries  of  the  diffuser, 
(h)  NO  external  work  is  performed  by  the  tvo-phase  mixture. 

(^)  The  only  forces  acting  on  the  two-phase  mixture  are  pressure 
forces . 

(6)  There  are  no  changes  in  potential  energy  due  to  elevation 
changes. 
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(7)  nie  gas  is  pexfect  euid  has  constemt  specific  beats* 

(8)  !nie  liquid  is  incompressible,  has  a  constant  specific  heat, 
and  has  no  vapor  pressure. 

(9)  The  kinetic  energy  leaving  the  diffuser  is  small  conqpared 
with  that  entering  the  diffuser. 

(10)  The  mass  rate  of  flow  of  the  gas  is  small  compared  with 
that  of  the  liquid. 

(11)  The  temperature  of  the  gas  remains  equal  to  that  of  the  liquid 
as  the  two-phase  mixture  flows  through  the  diffuser. 

D-3  Notation 

At  the  entrance  to  the  diffuser,  station  1,  let  denote  the  gas 
constant,  Cp  the  specific  heat  of  the  gas,  k  its  specific  heat  ratio, 

Pq  the  density  of  the  gas,  the  mass  rate  of  flow  of  gas,  the 
density  of  the  liquid,  its  specific  heat,  and  the  mass  rate  of 
flow  of  liquid.  Assume  that  the  gas  and  liquid  are  thorou^ily  mixed  at 
statlos  1,  and  the  teuqperature,  pressure,  and  velocity  of  the  two-iAiase 
mixture  are  T^,  P^,  and  V^,  respectively. 

Let  u  denote  specific  internal  energy,  s  specific  entropy,  and 
h  specific  enthalpy;  the  subscripts  0  and  L  attached  to  those  synhols 
denote  gas  and  liquid,  respectively.  Let  S  denote  the  entropy  of  the 
two-phase  mixture. 

D-4  Derivation  of  Equations  for  Diffuser  Efficiency 

In  view  of  assumptions  1  through  6,  the  steady  flow  energy  equa¬ 
tion,  applied  between  stations  1  and  2,  yields 
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P  P 


R,  -  P, 


v!-v? 


^  *1  ~  *1 
*  ^  -  V  -hr  ^  -S-^) '  ° 


(D-l) 


which  may  be  rewritten  as 


hl  h  - 

P 


V?  - 


-  V 

1 _ ^2 


(D-2) 

DlTldlBs  equation  D-2  by  -  V^)/2,  end  noting  that  by  virtue  of 
aeeuaptioB  7 

"o  *  ^  •  ®P  *0 

•ubetltuta  for  u^  in  equation  D«2,  yielding 


h-h 


1  + 


S(..5 


*  ^02 


i) 


®  ^“u  "  '‘La^ 

~Tt' 


(D-3) 


Since  the  kinetic  energy  of  a  fluid  ie  proportional  to  the  square 
of  its  velocity,  aesuqption  9  yields 

»  vj 


Sjr  definition,  the  diffuser  efficiency  1^  is  given  by 

S  ■  (»2  -  'iJ/k  'i 
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It  follows  that 


\2> 


(D-4) 


From  assumption  11,  it  is  seen  that  =  T.  RmmwHw  the  last 

tern  in  equation  D-4.  For  the  liquid  component  Au^^  =  ®o  that 


V  -  \2  =  °L  -  ^^2^ 


(D-5) 


Substituting  equation  D-5  into  equation  D-4,  yields 


•  V 


(D-6) 


Baploylng  assuivtion  10,  it  is  noted  that 


*P  (*l  -  »2) 

^~-T- 


(D-T) 


Bence,  the  ei^ression  on  the  left-hand  side  of  inequality  D-7  asy  he 
neglected  in  eqMation  D-6  without  introducing  appreciable  error.  Thus, 
equation  D-6  reduces  to 


*D 


“l  - ^ - 


(B-e) 


Since  the  gas  and  the  liquid  remain  at  the  same  tesqperature  as  the 
two-phase  mixture  flows  through  the  diffuser,  any  transfer  of  heat  from 
the  gas  to  the  liquid  is  reversible.  Since  the  flow  of  the  mixture  is 
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bdlabatic  and  frictionless,  there  Is  no  change  In  the  entropy  of  the 
mixture,  or 

As  =  0  (D-9) 

The  change  In  the  specific  entropy  of  the  gas  hetveen  stations  1 
snd  2  Is  given  hy 


Tg  Pa 

As^»Cpln^.B^jln^ 


(D-10) 


Ihe  change  In  the  specific  entropy  of  the  liquid  between  stations  1 
and  2  Is  given  by 


^  ^ 


(D-U) 


Since 


AS  - 


It  follovB  froa  equations  0*9/  0-10,  and  D>11,  that 


(D-12) 


Solving  equation  D-12  for  yields 


m 


-L 


+  C, 


(D-13) 
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Baiaed  on  assumption  10,  tbe  rl^t  hand  side  of  equation  D-13  may 
be  approximated  by  the  first  two  terns  its  exponential  series  ex¬ 
pansion.  Thus 


'(iV«L 


* 


(D-14) 


Equation  D-l4  may  be  further  simplified  by  noting  that  Msu^ptlon  10 
yields 

Vs,  *  ®L  =  'l 


Substituting  equation  D-15  into  equation  0-14  and  rearranging,  yields 


#1  ««  AO  «« 


(D-16) 


Combining  equations  D-8  and  D-l6,  gives 


(D.17) 


Equation  D-17  is  an  approximate  expression  for  the  diffuser  ef¬ 
ficiency  for  isentropic  two-phase  flow  with  no  internal  temperature 
difference.  It  cannot  be  solved  explicitly  for  K^,  but  can  be  solved 
by  iteration. 


"Distribution  of  this  report  has  been  made  in  accordance  with  the  Joint 
An^-Ravy-Alr  Force  Llqiuid  Propellant  Nailing  Liat  of  Narch  1962." 


